Reflection electron microscopy (REM) in ultra-high vacuum (UHV) conditions is reviewed. UHV-REM can characterize surface structures of monolayer levels such as steps, domains of reconstructed surface structures and their boundaries and these capabilities are used to observe surface dynamic processes such as phase transitions of reconstructed surface structures and adsorbate structures and adsorption processes, oxidations, sublimations and ion-sputtering and annealing. The method is compared with other surfaceimaging techniques.
Introduction
Owing to developments in ultra-high vacuum (UHV) technology and related surface-analysing techniques, surface science and technology on well defined surfaces have grown dramatically in the last decade. Most of the basic work so far carried out has been on surface structures and processes over macroscopic areas, say 0-1 mm:, and information about the averaged structure and processes was obtained. However, it is well known that structures and processes are heterogeneous on surfaces, being affected by, for example, steps and other defects. Information on such heterogeneity is important not only in basic surface science but also in applied surface technology where surfaces are used as sites on which to make new materials. Various surface-imaging techniques have been developed to obtain the above-mentioned information, as summarized in Table 1 . Optical microscopy, which is widely used to characterize surface topography, is not included in the table.
It is not the purpose of the present paper to review or to give detailed comment on all of these methods. Reviews of these have been given in previous review papers (Yagi, Takayanagi & Honjo, 1982; Yagi, 1986a, b) and references therein. An important point to note here is that crystallographic information on surface structure is obtained only through those methods, *Editorial note: This invited paper is one of a series of comprehensive lead articles which the Editors invite from time to time on subjects thought to be timely for such treatment. such as transmission electron microscopy (TEM), reflection electron microscopy (REM), low-energy REM (LE-REM) and equivalent methods (Table 1) , where the image contrast is determined by diffraction in the surface and the subsurface structures. Field-ion microscopy (FIM) and scanning tunnelling microscopy (STM) also give such information because surfaces are probed by gas atoms or molecules, or by atomic-scale tips, and the images obtained of atomiclevel resolution reveal the surface atomic arrangements.
In the present paper surface imaging by REM with use of a conventional transmission electron microscope (CTEM) is reviewed in order to show how surface crystallographic information is obtained in this method with the use of our recent results. REM is equivalent to scanning REM (SREM) by the reciprocity theory; SREM will be discussed in § 4. REM is surface-structure sensitive because images are formed with electrons multiply scattered in the surface layers, while in TEM images are formed with electrons singly scattered in the surface layers and the image contrast of the surface structure is weak. A comparison of the two methods will also be discussed in § 4. REM was devised by Ruska (1933) shortly after the invention of transmission electron microscopy. This was to exceed the resolution limit of surface imaging by optical microscopes. The method was later explored by many electron microscopists (e.g. Menter, 1952/53; Watanabe, 1957) . In those days, images were taken with electrons forwardly and diffusely scattered at surfaces in glancing-angle conditions and images were called low-loss images. However, owing to a lack of flat-specimen preparation techniques the images obtained were silhouettes of the surfaces, like the scenery of a desert at sunrise or sunset. Consequently REM was replaced by scanning electron microscopy (SEM) and shadow replica techniques, which may show surface steps (higher than l nm) and surface unevenness.
An advance in REM was made by Halliday & Newman (1960) , who used Bragg-reflected beams from the surface [diffracted beams in reflection high-energy electron diffraction (RHEED)] for REM imaging. This point is important because such beams contain surface crystallographic information and from an Magnifying method Radial emission Lens Microprobe + scanning experimental point of view the technique can be employed only after the removal of thick amorphous adlayers. The situation is similar to the difference between TEM images of amorphous films and singlecrystal films. In the latter case images change dramatically depending on the Bragg condition [seen in transmission electron diffraction (TED) patterns] and structural information may be obtained from such a dependence of TEM images (Hirsch, Howie, Nicholson, Pashley & Whelan, 1964) . Thus it is better to call the method REM-RHEED instead of REM.
Cowley's group in Arizona tried to revive REM, noting the possibility of high-resolution REM with the use of high-resolution CTEMs which can resolve atomic spacings (Nielsen & Cowley, 1976) . They also devised a UHV-SREM apparatus for the first time (Cowley, Albain, Hembree, Nielsen, Koch, Landry & Shuman, 1975) . However, owing to the lack of clean and flat-specimen preparation techniques in the microscopes, their pioneering work could not be compatible with well defined surface science in those days. The theory of REM image contrast was first given by Shuman (1977) in Cowley's group. Using the column approximation, he discussed the image contrast of dislocations and stacking faults emergent at a surface.
In 1980, and Osakabe, Tanishiro, Yagi & Honjo (1981a, b) first succeeded in making clean and flat Si(lll) 7 × 7 surfaces in a UHV electron microscope and observed surface atomic steps and surface dynamic processes, which showed the usefulness of surface electron microscopy. After their success various trials were carried out to observe surface atomic steps and it was found that such steps can be seen even on air-cleaved surfaces of GaP (Yamamoto & Spence, 1983) GaAs (Hsu, Iijima & Cowley, 1984) , on an air-exposed Si(111) surface after cleaning in a UHV chamber by heating (Uchida, J/iger & Lehmpfuhl, 1984) and on (111) surfaces of melt-grown Au and Pt particles in air (Hsu, 1983) with ordinary vacuum electron microscopes. Though these works give some information on the surface structures formed during such processes, they are far from the surface electron microscopy which is expected to play important roles in surface science by revealing detailed microtopographic information on well defined surfaces. For that purpose UHV electron-microscope techniques, clean and well defined surface-preparation techniques and in situ specimen-treatment techniques are indispensable.
The above-mentioned techniques are not described in this paper, but they are reported elsewhere (Yagi, Takayanagi & Honjo, 1982; Yagi, 1986a, b) , and in § 2 imaging geometry and image theory are described, which show the characteristics of REM. In § 3 observations are described and in § 4 the REM method is compared with TEM and SREM. Fig. 1 schematically illustrates the imaging geometry in REM. A bulk crystal specimen is illuminated by a parallel beam with a glancing-angle condition and on a back focal plane of the objective lens (OL) a RHEED pattern from the surface structure is obtained. A shadow edge (S) is also shown. Diffraction spots in the RHEED pattern move and change when the tilt angle of the incident beam and/or the specimen orientation are changed. By changing these parameters an imaging condition is selected so that a desired reflection (generally a specular reflection satisfying a Bragg condition is used) in the pattern is parallel to the optic axis of the OL and passes through the OL aperture. An image of the surface structure is formed on an image plane. It is clear from the ray diagram that the image contrast is determined by the local reflected intensity received by the OL aperture (we call the contrast originating from this intensity variation the Bragg contrast). Thus, a perfect step-free surface shows no contrast. In this case very sharp spots in the RHEED pattern are expected. This is because spots or rods in reciprocal space from a perfect crystal are very sharp and owing to a refraction effect (the refractive index is larger than unity) the Ewald sphere makes a definite angle with the rods: electrons excited by a rod which is tangential to the Ewald sphere cannot escape from the crystal. When the two diffracted beams pass through the OL aperture, lattice fringes are obtained as in the case of TEM ) (see § 3.1.2).
Imaging geometry and image theory in REM
From Fig. 1 , the following characteristics are evident.
(1) Images are foreshortened by a factor of 1/sin 0 along the beam direction, where 0 is the exit angle of the imaging beam from the surface. Thus, the resolution of the image is reduced from that of the microscope by the same factor in the direction parallel to the beam.
(2) The image is out of focus except along the line F-F' in Fig. 1 , which is an intersection of the image and an in-focus plane I-I'. Therefore, the Fresnel diffraction effect is important in images of out-of-focus regions (we call this the Fresnel contrast). Fig. 2 shows a RHEED pattern and a REM image of an Si(111) 7 x 7 surface• In (a) sharp 7 x 7 spots are seen. Faint streaks are from stepped areas which are also illuminated by the beam. The REM image (b) is illustrated in such a way that the surface is seen from the lower side and the direction of the electron beam is as indicated in (b). Wavy lines are surface atomic steps of unit height as will be mentioned below. The image is foreshortened (see scale marks in the two directions). The in-focus line in the image is also indicated (F-F') and from the geometry of Fig. 1 it is evident that the region above the line is over-focus and that below the line is under-focus. The sense of focus can be easily determined during observation by noting the shift of the in-focus line after a large amount of focus change (say 10 ~tm or so).
The wavy lines move at high temperature and from this observation they are concluded to be steps and the sense of the steps can be determined uniquely from the direction of the motion during sublimation . In the centre of the image one step is terminated and a dark horizontal line is seen across the point of the termination. This is an image of a screw dislocation emergent at the surface as schematically illustrated in any text book on dislocations (see Fig. 4 ). The dark contrast is due to a reduction of the reflected intensity from the distorted regions around the core of the dislocation in comparison with that from perfect crystal regions in which the 444 Bragg condition is satisfied (the Bragg contrast). Owing to the foreshortening the round distorted area is seen as a horizontal dark line.
For the detailed analysis of the Bragg contrast, scattering problems in RHEED geometry should be solved. It is well known that in RHEED diffraction is dynamical and many-beam effects are essential. However, so far only scattering from perfect crystals has been solved (Collela, 1972; Collela & Menadue, 1972; Moon, 1972; Maksym & Beeby, 1981; Ichimiya, 1983) . Thus for imperfect crystals an approximation called the column approximation, which assumes that the reflected intensity from a distorted region is equal to that from a perfect crystal surface whose orientation is equal to that of the distorted region, was used by Shuman (1977) . There, image contrast is derived from a rocking curve of the reflected intensity from the perfect crystal. Fig. 3 shows a rocking curve for electrons (100 keV) reflected from an Si(111) surface (Osakabe, Tanishiro, Yagi & Honjo, 1981a) . Only systematic reflections were included in the calculation. From Fig. 3 it is known that the Bragg width (full width at half maximum) is much narrower (10-3-10 -4) than that in TED (10-2). This means that a slight distortion, say 10 -4, can be detected (see § 3.1.1). Fig. 4 shows REM images of the same area as in Fig. 2 (b) taken at slightly off-Bragg conditions, say B, B' in Fig. 3 . Owing to the asymmetric nature of the distortion around the screw dislocation, bright and dark wings of the dislocation image, which reverse in contrast by a reversal of the sign of the deviation from the Bragg condition, appear. Because of the greater slope at B or B' in Fig. 3 than around A, close to the Bragg condition, the image width is wider than that in Fig. 2 . The sense of the distortion and hence the sense of the screw dislocation is determined from the bright and dark contrast of the dislocation image in Fig. 4 , and is schematically illustrated in Fig. 4(c) . Another point to be noted is that relatively higherorder reflections (333, 444, ...) are excited for imaging in REM which means that the phase change q~ of the reflected beam by a lattice displacement R is large (~o = 2rig.R). The phase change is important in Fresnel diffraction in out-of-focus regions (the Fresnel diffraction contrast). The bright (B) and dark (D) fringe contrast of the step image in the out-of-focus regions of Fig. 2 is due to this phase change. It is due to these points that REM images are said to be surface-structure sensitive. The sensitivity will also be discussed in § 3.1.3 in terms of dynamical scattering.
There is no general diffraction theory of REM images for imperfect surfaces and the column approximation is generally used, as in the above discussions. However, as in the case of image theory of TEM, defects can be included by constructing a superlattice [the periodic continuation (Cowley, 1986) ]. In this way Kawamura & Maksym (1985) calculated the RHEED intensity from the stepped surface and [14] [3] Uchida, Jfiger & Lehmpfuhl (1984) [15] [4] Osakabe, Tanishiro, Yagi & Honjo (1981a) [16] [5] Hsu (1983) [17] [6] Ogawa, Tanishiro, Takayanagi & Yagi (1986a, b) [18] [7] Inoue, [19] [8] Hsu, Iijima & Cowley (1984) [20] [9] Yamamoto & Spence (1983) [21] [10] Aseef, Latyshev & Stenin (1984) [22] [11] [23] [12] Ishizuka, Si (111) showed an oscillation of the intensity, which is observed during molecular beam epitaxial growths of semiconductor crystals (Neeve, Joyce, Dobson & Norton, 1983) , as the ratio of the areas of higher and lower terraces on the surface changes. However, the images were not calculated. Very recently, dynamical diffraction calculations of step images have been carried out by Peng & Cowley (1986) . Electron energy loss spectroscopy (EELS) in the RHEED geometry (Krivanek, Tanishiro, Takayanagi & Yagi, 1983 ) showed a strong surface plasmon excitation of incident and reflected electrons during their propagation in the vacuum close to the surface. For example, the mean number of surface plasmons (he) = 10.5 eV) excited for the 444 reflection condition for the Si(111) surface is 1.24. In such a circumstance the images are said to be determined mainly by inelastically scattered electrons. Thus, it is important whether the image conservation, found experimentally (Kamiya & Uyeda, 1962) and shown theoretically (Howie, 1963) in the TEM case, works in the REM case. This point will be discussed in § 3.1.1.
The wide energy spread of imaging electrons reduces the resolution of REM images. For standard electron microscopes of accelerating voltages of 100-200 kV, the resolution is close to 1 nm.
On the other hand, thermal diffuse scattering causes loss of coherence and hence a deterioration of the image quality. This is known from the following experimental evidence. In the case of Si(lll), the Debye temperature is as high as 658 K and we can see step motions due to sublimation even at 1470 K (1200 °C). However, the Debye temperature of Pt is 233 K and it is hard to take REM images above 570 K (300 °C) (see § 3.2.4). Table 2 summarizes REM observations in the UHV condition so far reported.
Observations

Studies of surface topography
3.1.1. Observations of steps and dislocations. In Figs. 2 and 4 steps are seen. The height of the steps was determined to be one unit I-0"31 nm in the case of Si(111) surfaces], because (1) contrast is similar for all the steps and (2) one step disappears at the emergent point of a screw dislocation. The notable fact in Fig. 2 is that step images in out-of-focus regions have Fresnel fringes (bright and dark fringes). In Fig. 4 , the same steps are seen to be bright or dark. These contrast behaviours which can be used for a determination of the sense of the steps are schematically summarized in Fig. 5 . Absolute determination of the sense of the steps is possible in two ways: by observing a motion of the steps due to sublimation and by analysing the sense of a screw dislocation on the surface as seen in Fig. 4 . In the special case where surfaces on a small sphere are observed (Hsu, 1983 ) the sense of the steps is known uniquely from the geometry of the surfaces. Osakabe, Tanishiro, Yagi & Honjo (1981a) studied the image contrast of the steps thus determined in various imaging conditions; Fig. 5 shows their conclusions. They also succeeded in explaining their behaviour by assuming a slight lattice distortion (10 -4 ) around the steps as shown schematically on the left of the figure. Such a distortion had been suggested theoretically and experimentally (Blakely & Schwoebel, 1971; Comsa, Mechtersheimer, Poelsema & Tomoda, 1979) .
The same contrast rules were found to hold for steps on Pt(111) surfaces grown in air (Hsu, 1983) . Ogawa, Tanishiro, Takayanagi & Yagi (1987) confirmed them in their observations of clean Pt(111) surfaces. They also studied the image contrast of double-height steps on Pt(lll) surfaces and the same conclusion was obtained, although in this case the contrast is stronger than that of the single steps.
The contrast rules in Fig. 5 are useful in discriminating small monolayer islands from small hollows with unit depth. Because of foreshortening it is difficult to determine the sense of the two narrowly spaced steps from the rules in Fig. 5 . However, from inspection of cases (5) and (6) of Fig. 5 , the hollows and islands are considered to appear as a single dark line or double dark lines depending on the focus conditions, as shown in Fig. 6 . An example will be illustrated by Fig. 15 in  § 3.2.3 . The reason why the bright and dark contrasts of the steps in cases (1) and (3) [and in cases (2) and (4)] of Fig. 5 are similar to each other should be considered. Osakabe et al. ( , 1981a simply concluded that the relative positions of the aperture and the horizontal Kikuchi line are important. Based upon the fact that the surface plasmon loss processes are responsible for the main part of the Bragg spots as well as diffuse scattering around the spots, the similarity should be reconsidered. For 100 keV electrons changes in the Bragg angle by an energy loss of about 10-20 eV are much smaller than the Bragg width in Fig. 3 . Hence changes in the beam direction by surface plasmon excitation in vacuum rather than energy changes are important for the image contrast. It is easily concluded from ray-diagram considerations that in case (3) of Fig. 5 the OL aperture receives electrons which are diffusely scattered in the vacuum to smallerincident-angle sides of the main peak (specular reflection) in the RHEED pattern. Thus, two images are similar for cases (1) and (3) [and (2) and (4)]. This situation is similar in a sense to that in TEM (Kamiya & Uyeda, 1962; Howie, 1963) .
Dislocation images are seen as a dark line (A0 = 0) or as a line with bright and dark wings (,dO =/= 0). The sense of the dislocation can be analysed by such a contrast analysis. The notable fact is that the width of the images is a few hundred nanometres (more than an order of magnitude wider than in TEM) owing to the narrow Bragg width.
Motions of screw dislocations leave slip traces of straight atomic steps (Hsu, 1983) . A cross slip is sometimes noted in REM images (Ogawa, Tanishiro, Takayanagi & Yagi, 1987) . It may be possible under better conditions to observe the motion of dislocations under intentionally applied stresses. to a low resolution limited by chromatic aberration the lattice-fringe study has been carried out only very recently in the case of an Si(111) 7 x 7 lattice . There are geometrically complex situations in lattice-fringe formation in REM. First, in general two beams have different exit angles and different foreshortening factors and in this case the obtained lattice fringes, interference fringes, do not have one-to-one correspondence with real lattices on the surface. Secondly, REM images are in focus only along lines and the obtained fringes suffer a large defocus effect and a beam divergence effect and are seen only in a narrow range of defocus [a few micrometres in the case of 2"3 nm spaced Si(111) 7 x 7 lattice fringes]. Thus, the beam alignment relative to shadow edge and the optic axis of the objective lens is important for the detailed analysis. Furthermore, owing to the forefield of the objective lens the incident angle changes slightly on the surface along the beam direction and the phases and intensities of the reflected beams change from place to place (note the narrow Bragg width in REM and see also Fig. 11 ). Although the situation is complex and there are many unsolved problems , the lattice fringes are useful to characterize the surface structure under the condition that two interfering reflections are parallel to the shadow edge in the RHEED pattern (see Figs. 8 and 9 ).
3.1.3. Surface structure domains. Three types of domain and domain boundary are considered separately: domains of orientational variants, domains of translational variants and phase boundaries of surface structures. Fig. 7 shows a REM image [due to the (444) bulk reflection] of an Si(111) 5 x 1-Au surface formed by the deposition of a mean thickness of 0" 1 nm of Au. From symmetry considerations the 5 x 1 structure can assume three equivalent orientations on the (111) surface. The bright, dark and intermediate-contrast regions (A, B and C) are these domains. It was concluded that the dark domain gives rise to superlattice spots on the zeroth Laue zone for the (110) incidence and the dark contrast is due to a reduction of the intensity of the bulk reflection owing to excitation of the superlattice reflections. The high contrast of the domains clearly indicates the sensitivity of REM images to surface structures through dynamical diffraction at the surface. Fig. 8 shows a high-resolution REM image of an Si(111) 7 x 7 surface. Vertical fringes are lattice fringes of the 7 x 7 structure (2"3 nm spacing) . The electron beam is aligned to be parallel to the (li0) direction• It is seen that the fringes shift at a dark horizontal line indicated by OPB. This kind of line image was previously considered to be out-of-phase boundaries (OPBs) (Osakabe, Tanishiro, Yagi & Honjo, 1981b) , because they are formed as boundaries between the 7 x 7 structure nuclei formed during the phase transition from the 1 x 1 high-temperature phase (see Fig. 10 ). Fig. 8 clearly confirms that they are OPBs. The OPBs, which are formed between the domains of the translational variants of surface superlattices, were observed also in the case of the Si(111) 5 x 1-Au surfaces. Depending on the Bragg condition and reflections used for imaging, they are seen to be bright or dark lines. The image contrast has not been studied theoretically. A simple consideration using the column approximation is that OPBs are a kind of disordered region (if it is wide enough) and they give weaker superlattice reflection than ordered domains resulting in bright contrast in the image owing to specular reflection (Osakabe, Tanishiro, Yagi & Honjo, 1981b) .
Examples of images of phase boundaries are shown in Figs. 9 and 10. Fig. 9 is a high-resolution REM image of an Au-deposited Si(111) 7 x 7 surface. Lattice fringes of the 7 x 7 structure keep their contrast close to a 5 x 1 Au adsorbate structure domain (dark regions), which means that the phase boundary is sharp at this scale. Fig. 10 is the case where the two phases coexist on the surface during the phase transition at about 1100 K (830 °C) between the Si(lll) 7 x 7 (the low-temperature phase seen with dark contrast) and 1 x 1 (the high-temperature phase seen with bright contrast) structures on cooling. Short vertical arrows indicate the phase boundaries and long arrows indicate surface atomic steps. The details will be described in § 3.2.1. It is noted here that the 7 x 7 structure regions are seen to be dark mainly owing to a loss in intensity of the specular Bragg reflection by excitation of the 7 x 7 reflections in the zeroth Laue zone.
3.2.
Observations of surface dynamic processes 3.2.1. Phase transition. In Fig. 10 the 7 × 7 structure regions (dark regions) are seen to be nucleated along Fig. 9 . A high-resolution REM image of an Au-deposited Si(111) 7 x 7 surface. The lattice fringes of the 7 x 7 structure clearly show that the phase boundary between the 7 x 7 and 5 x 1 adsorbate structure is sharp.
.,Jliillm the steps on cooling. An interesting finding is that the nucleation takes place on higher terraces along the steps. When the neighbouring nuclei meet with each other an OPB is formed (bright lines indicated by triangles in Fig. 10) . On cooling the phase boundaries move on the terraces and the transition finishes when the boundaries reach the opposite steps across the terraces. It is noted that the shapes of phase boundaries on the terraces indicated by the short arrows are similar to those of the right-hand steps indicated by the long arrows and not to those of the left-hand steps where the 7 x 7 structure domains have nucleated. The reverse processes were observed on heating. The processes seem to suggest a first-order phase transition, and sharp contrast at the phase boundaries seems to support this. However, as seen in Fig. 11 which was taken along the (112) direction (it is the (li0) direction in the case of Fig. 10) , image contrast at the boundaries is not sharp (Tanishiro, Takayanagi, Kobayashi & Yagi, 1982; . The contrast is seen to reverse depending on the Bragg condition. Detailed observations show that the processes depend on the width of the terraces , which seems to suggest a transition close to second order on step-free surfaces.
The surface atomic steps were also found to play important roles during the order-disorder phase transition of the Si(111) 5 x 1-Au structure.
The studies mentioned above clearly indicate the strong effect of the surface steps on the transition and that dynamical diffraction, which changes sensitively depending on the Bragg setting, is important for the contrast analysis and the analysis of the surface phenomena.
3.2.2. Adsorption processes. Fig. 12 shows a REM image taken during the deposition of Au at 920 K (650 °C) on an Si(111) 7 x 7 surface. The notable fact is that the adsorbate 5 x 1 structure seen as dark regions is formed on higher terraces along the steps and expands on the terraces (to the right in Fig. 12) . At the same time steps are seen to move in the opposite direction (to the left in Fig. 12 ) so that the higher terraces expand. This behaviour should be closely related to the 5 x 1 adsorbate structure and the 7 x 7 structure; the latter has been analysed recently (Takayanagi, Tanishiro, Takahashi & Takahashi, 1985) by TED intensity analysis. Fig. 13 shows an initial stage of Ag adsorption on an Si(111) 7 x 7 surface. Dark regions nucleated along the steps are domains of the Si(lll)(x/~xx/~)-Ag structures. Again the steps are preferential sites for the new phase . Fig. 14 is the case of Au deposition on a Pt(111) surface which was cleaned by heating up to 1770 K (1500 °C) in the microscope. Monolayer islands of Au with dark contrast are seen to nucleate on lower terraces along the steps. The fact that growth rate depends on the width of the lower terraces indicates that adatoms do not fall down the steps (Ogawa, Tanishiro, Takayanagi & Yagi, 1986a, b) [the asymmetric adatom supply was discussed by Schwoebel (1969) ]. The dark contrast of the Au islands was found to be due to the larger atomic size of Au than Pt from the contrast analysis of the Au monolayer and was not due to the difference in the atomic scattering factors of Au and Pt.
The above three cases clearly demonstrate that when the terrace width is narrower than the 'diffusion distance' in the relevant processes, the surface dy-namic processes are controlled by the steps. On wider terraces atom-high nuclei of Au on Pt are seen. Thus the observations at various temperatures and terrace widths are important in analysing the surface 'diffusion' processes (see also § 3.2.3).
3.2.3. Oxidation processes. Fig. 15 shows a sequence of REM images of an Si(111) 7 x 7 surface ( ~ 920 K) taken when oxygen at ~ 10-6-10 -5 Pa was introduced into the microscope. Horizontal single and double dark lines indicated by arrowheads are seen to be formed and grow at the central regions of terraces (Shimizu, Tanishiro, Kobayashi, Takayanagi & Yagi, 1985) . They are hollows of unit depth (0.31 nm). This is Fig. 11 . A REM image of an Si(111) surface taken during the phase transition as in Fig. 10 but with an incident electron beam parallel to the [112] direction. Note the contrast reversal between the 1 x 1 and 7 x 7 regions depending on the Bragg conditions. Fig. 12 . A REM image taken during Au deposition at 920 K (650 °C) on an Si(lll) 7 x 7 surface. Dark regions are the 5 x 1 structure nucleated on the higher terraces along the steps. Fig. 13 . A REM image which recorded an initial stage of Ag deposition on an Si(111) 7 x 7 surface. The x/~ x x/~ adsorbate structure is formed preferentially along the steps.
concluded from the contrast rules for holes and islands shown in Fig. 6 , and is confirmed by the fact that when a hollow meets the pre-existing step during its growth a part of the hole annihilates, resulting in a step of complex shape. The hollow formation was found to be caused by nucleation from single 'vacancies'* formed on the surface by formation of SiO from the reaction of Si atoms with 02 and subsequent sublimation.
Since the steps act as vacancy sinks, nucleation of the *The nature of a 'vacancy' depends on the surface structure model. For example, in the 7 x 7 structure adatoms exist (Takayanagi, Tanishiro, Takahashi & Takahashi, 1985) and missing positions of the adatoms could be considered to be 'vacancies'. hollows does not take place along the steps. Vacancy annihilation at the steps causes motions of the steps so as to reduce the higher terraces. It is interesting that during the above-mentioned processes the surface keeps its initial 7 x 7 structure. This is because the vacancy concentration is not so large as to destroy the 7 x 7 structure. The nucleation rate of the hollows, their growth rate and their distribution on the terraces are considered to be closely related to the surface diffusion of vacancies and depend on the temperature and the oxygen pressure. The detailed observations and analysis of them will be given elsewhere (Shimizu, Tanishiro, Takayanagi & Yagi, 1987) .
In the later stages of the oxygen-gas-exposure experiment SiO2 films are formed and the 7 x 7 structure disappears. Fig. 16 shows REM images of an Si surface covered by a thin SiO 2 film. The film is so thin that the step images are not completely masked. It is not clear at the present stage whether the film is continuous or not in the case of Fig. 16 . Longer exposure with a higher oxygen pressure and higher-temperature experiments resulted in the formation of thick films. The films sublimate above 1020 K (750 °C) and the oxygen exposure above 1020 K did not form the oxide films: nucleation of the hollows and the rapid growth of hollows and motions of steps are seen throughout the exposure time.
3.2.4. Sublimation. Motions of line images were noticed during heat cleaning of Si(111) surfaces and this observation was the first experimental evidence that the line images are surface atomic steps which cease to move at low temperature . This experiment was the first in situ UHV-REM study of the clean surface.
The temperature dependence of the motion was measured and the removal frequency of surface layers was used to prove that the steps have unit height . The dependence was also used to estimate sublimation energy and a value of 3.5 eV was obtained for Si(11 l) Fig. 16 . A REM image of a thin oxide film formed on an Si(lll) surface. (Yagi, 1982) . However, in the analysis care is needed for the fact that step motion depends on the terrace width at lower temperature (an increase of the diffusion distance of adatoms). Fig. 17 shows a sequence of REM images which recorded motions of steps on Si (111) about 0.7 rtm, while the step marked by an arrowhead moved only by 0"3 lam. Such a terrace-width dependence may give the diffusion distance of adatoms. Similar experiments were carried out for Pt(lll) surfaces (Ogawa, Tanishiro, Takayanagi & Yagi, 1986a, b) . However, in this case in situ observations at high temperature were impossible owing to strong thermal diffuse scattering ( § 2) and observations were made after each heating-cooling cycle. Because of this difficulty there has been no systematic analysis. Here, however, it should be noted that in both Si and Pt cases, step motions were noticed at temperatures at which reported vapour pressures are in the range 10-7-10-8 Pa. This sensitivity is understood by considering that a sublimation of one tenth of a monolayer (a displacement of 100 nm of a step separated by 1 ~tm from the neighbouring steps) after 10 min heating is easily noticed by REM.
3.2.5. Ion sputtering. The sensitivity of REM to surface structures was used to study the ion sputtering and annealing processes. For that purpose a FAB (fast-atom-bombardment) gun was introduced to the UHV microscope (Ogawa, Tanishiro, Kobayashi, Takayanagi & Yagi, 1986 ). Fig. 18 shows REM images and corresponding RHEED patterns of a Pt(lll) surface before and after the sputtering at 370 K (100 °C) for 20 s. The energy of the incident Ar atoms is about 6 keV. In Fig. 18(b) most of the steps lose their contrast, being masked by the granular image of surface defects introduced by the bombarding atoms. The corresponding RHEED pattern shows diffuse rods indicating a crystalline surface but with a lot of defects. During annealing a recovery to fiat surfaces was found to start at the positions of the steps. The details will be reported elsewhere (Ogawa, Tanishiro, Takahashi & Yagi, 1987) . Si surfaces bombarded at room temperature gave halo patterns, which means the formation of amorphous surface layers. The interesting fact was reported that steps reappear after annealing at the same positions where steps had been seen before the sputtering (Claverie, Faure, Vreu, Beauvillain & Jouffrey, 1986) . At high temperatures, motions of surface atomic steps are noted during sputtering (Ogawa, Tanishiro, Takayanagi & Yagi, 1986a, b) .
Discussion
In § §2 and 3 the characteristics of REM and the usefulness of REM for surface studies are shown with the help of experimental results obtained with UHV-CTEM. In this section we discuss some points in REM which have not been mentioned and compare REM with SREM and TEM.
As seen, for example, in Figs. 2, 7 and 12, REM can show details of the surface structure and surface dynamic processes based upon its ability to characterize the surface structures. However, interpretations of REM images of surfaces such as Figs. 11, 17 and 18(b) are not straightforward. Fig. 11 is a case where the lack of dynamical diffraction approaches is responsible for the REM image contrast. On the other hand, the cases of Figs. 17 and 18 are due to the fact that surfaces are not well ordered. Because of low resolution and foreshortening REM cannot characterize small defects and their distribution on the surface very well. The sensitivity of REM to small distortions works in the opposite way in these cases.
The fact that steps can be seen on air-cleaved or airexposed surfaces (Yamamoto & Spence, 1983; Hsu, 1983; Uchida, J/iger & Lehmpfuhl, 1984; Hsu, Iijima & Cowley, 1984) indicates that REM is rather insensitive to disordered adsorbates. REM images with and without disordered adsorbate of Au on a clean Si(111) surface are hard to differentiate . This may be because the scattering in a disordered layer gives rise to a diffuse background but the overall dynamical diffraction in the ordered layer is not affected. A similar phenomenon is seen in highresolution TEM images where amorphous contamination layers on thin films do not severely affect structure images of the crystalline films if they are not thick, though the contamination layers at the peripheries of the films are clearly contrasted.
The ability to characterize air-cleaved surfaces was applied to superlattices of (GaA1)As/GaAs by Yamamoto & Muto (1984) . Specimens are well ordered in this case. A distortion of the lattices due to the misfit of the two crystals was found to be responsible for the contrast of the superlattices (Yamamoto, 1986) . It is expected that the method will be applied to other materials.
In RHEED studies there are several methods of characterizing surface structures from the pattern. One example is to estimate the step density from the splitting of the reflection spots in the pattern. Surfaces may be comparatively observed by REM with the use of a CTEM and by RHEED. Thus, such methods can be confirmed directly. Splitting of the RHEED pattern by closely spaced steps was directly studied by Hsu (1983) . The relation between streaks in the RHEED pattern and the surface roughness is another example. As mentioned in § 1, a flat surface gives a sharp pattern (Fig. 2) . On the other hand a wavy surface whose undulation is smaller than the Bragg angle gives rise to streaks (see Fig. 5 of Yagi et al., 1980) . Patterns are again spotty for large undulations because of TED from protruded parts on the surface [ Fig. 1 of Russel & Wood (1976) ]. Another example is the change of intensity of reflections by steps. Kawamura & Maksym (1985) showed that changes of the I-0 curve (Fig. 3) for a stepped surface from that for a flat surface are larger for steps parallel to the electron beam than for steps perpendicular to the beam. In REM the latter steps lose their contrast at the exact Bragg setting and in-focus position [ Fig. 6 of ] but the former steps do not [ Fig. 8 of Osakabe, Tanishiro, Yagi & Honjo (1981a) ].
One of the recent developments in CTEM is to combine analytical techniques such as convergentbeam electron diffraction (CBED) (Tanaka & Terauchi, 1985) , nano-diffraction, energy-dispersive Xray spectroscopy (EDS) and electron energy loss spectroscopy (EELS). CBED in REM mode has been examined (Shannon, Eades & Meichel, 1985) but it is not clear whether it is useful for characterization of the surfaces at monolayer levels. EDS in a RHEED apparatus was studied by Ino's group (Ino, Ichikawa & Okada, 1980) , and was found to be sensitive enough to detect submonolayer adsorbates. Very recently, his group showed that detecting X-rays with grazing angles (total reflection X-ray spectroscopy) (Hasegawa, Ino, Yamamoto & Daimon, 1985) increased signal ratios from the adsorbate and substrate and 0.01 monolayer of adsorbate is detectable.* This study clearly indicates that to combine EDS with REM is useful. A preliminary result showed that even with the use of an UHV microscope which is not designed to reduce the background of EDS a monolayer adsorbate was detected . EELS in REM mode, on the other hand, showed that the inner shell edges of the adsorbate atoms were hard to detect, owing mainly to an energy spread of low-energy-loss electrons by surface plasmon excitations (Krivanek, Tanishiro, Takayanagi & Yagi, 1983) . Auger-electron *This enhancement is equivalent to that in the X-ray diffraction study of surface structure at a glancing angle of incidence by reciprocity theory. (Horio & Ichimiya, 1985) . In CTEMs of the present commercial type, however, specimens are in a strong magnetic field and there is no space to introduce an analyser around the specimen.
Specimen Diffraction
As mentioned before SREM is equivalent to REM by reciprocity theory. Thus, the fact that REM image contrast is sensitive to the Bragg condition and a parallel incident beam is needed means that a small detector is necessary for SREM to increase the contrast (Yagi, 1980; Ichikawa, Doi, Ichihashi & Hayakawa, 1985) . The resolution of SREM is limited by the probe size and it is about 10-20 nm even in cases using field-emission guns (Cowley, Albain, Hembree, Nielsen, Koch, Landry & Shuman, 1975; Ichikawa, Doi, Ichihashi & Hayakawa, 1985; Bennett, Ou, Elibol & Cowley, 1985) because of the working distance of a few cm between the objective lens and specimen position; it is not as good as REM except in the case where a high-resolution STEM is used in the reflection mode (Cowley, 1982a, b) . The advantages of SREM over REM are: (1) the foreshortening factor can be reduced by signal processing and the geometry on the surface can be discovered; (2) dynamic focusing to reduce the out-of-focus effect is possible; (3) the large space around the specimen allows one to introduce various surface-treatment techniques such as cleavage devices (Hsu & Elibol, 1984) and surface analysing techniques such as AES (Ichikawa, Doi, Ichihashi & Hayakawa, 1985) ; and (4) microdiffraction and microchemical analysis (and images of chemical composition) are possible. SREM with the use of a CTEM is possible, in principle, but so far this has not been explored.
UHV-TEM in surface studies has been reviewed previously and Table 3 compares the characteristics of REM and TEM. In TEM clean thin and flat specimens are needed and a different technique should be developed for each substance. The fact that scattering in a surface layer is kinematic is elegantly used for the structure analysis of the surface (Kajiyama, Takayanagi, Tanishiro & Yagi, 1986; Nakayama, Takayanagi, Tanishiro & Yagi, 1986; Takayanagi, Tanishiro, Takahashi & Takahashi, 1985) . The validity of this approach was checked by a multi-slice calculation for the Si(lll) 7 x 7 structure (Tanishiro, Takayanagi, Takahashi, Takahashi & Yagi, 1986) . High resolution is another important advantage of the TEM mode (Smith, 1986) . The atomic arrangement along the five times super-period of the 5 x 28 reconstructed Au(001)surface was clearly resolved (Hasegawa, Kobayashi, Ikarashi, Takayanagi & Yagi, 1986; Hasegawa, Ikarashi, Kobayashi, Takayanagi & Yagi, 1986) . In general the two methods may be said to be supplementary to each other.
